UNCLASSIFIED 

AD  {  412685 

DEFENSE  DOCUMENTATION  CENTER 

FOR 

SCIENTIFIC  AND  TECHNICAL  INFORMATION 

CAMERON  STATION.  ALEXANDRIA.  VIRGINIA 


UNCLASSIFIED 


NOTKE.  When  government  or  other  drawings,  sped- 
fixations  or  other  data  are  used  for  any  purpose 
other  than  In  connection  with  a  definitely  related 
government  procurement  operation,  the  U.  S. 
CJoyerament  thereby  incurs  no  responsibility,  nor  any 
obligation  whatsoever;  and  the  fact  that  the  Govem- 
ment  may  have  formulated,  furnished,  or  in  any  way 
supplied  the  said  drawings,  specifications,  or  other 
data  is  not  to  be  regarded  by  implication  or  other¬ 
wise  as  in  any  manner  licensing  the  holder  or  any 
o  er  person  or  corporation,  or  conveying  any  rights 
or  permission  to  manufacture,  use  or  sell  any 
patented  invention  that  may  in  any  way  be  related 
tnereto. 


lO 

00 

CO 


CJ> 

d 

iH 

>- 

02 

o 

O 

LU 

C D 
O 

Q 

_ l 

i— 

GO 

NWL  Report  No.  1872 


MEASUREMENT  OF  THE  IMPETUS,  COVOLUME, 
ANO  BURNING  RATE  OF  SOUO  PROPELLANTS 

by 

J.  M.  Massey,  Jr. 

Warhead  and  Terminal  Ballistics  Laboratory 


NAVAL  WEAPONS  LABORATORY 


DAHLGREN,  VIRGINIA 


FOR  ERRATA 


412685 


THE  FOLLOWING  PAGES  ARE  CHANGES 

TO  BASIC  DOCUMENT 


U.  S.  NAVAL  WEAPONS  LABORATORY 


DAHLGREN.  VA. 


b  ndr  ntor  i» 

TCR:JMM:cgd 

8190 


IO 

00 

CD 

OJ 


AUG  1 1  1*4 

From:  Commander,  U.  S.  Naval  Weapons  Laboratory 
Dahlgren,  Virginia 

To:  Holders  of  NWL  Report  No.  1872 
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ABSTRACT 


A  method,  using  closed  vessel  techniques,  for  determining  the 
impetus  (force  constant),  covolume,  and  burning  rate  of  solid  pro¬ 
pellant  is  described.  Data  obtained  by  this  method  are  presented 
for  thirteen  solid  propellants. 
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FOREWORD 

The  development  of  the  procedures  and  experimental  work  summa¬ 
rized  in  this  report  was  carried  out  under  WEPTASK  No.  RMMO- 33-020/ 
210- 1/F008- 11-001,  Problem  Assignments  1  and  3.  This  effort  was 
begun  in  January  1962  and  completed  in  December  1962. 

Paul  N.  Stamoulas  conducted  the  experimental  tests  and  prepared 
the  inputs  for  the  digital  computations.  Charles  W.  Fischler,  Jr., 
of  the  Computation  and  Analysis  Laboratory  prepared  the  LEM  7090 
digital  computer  program  used  to  calculate  the  impetuses  and  burning 
rates  reported  herein. 

This  report  was  reviewed  by  the  following  personnel  of  the  War¬ 
head  and  Terminal  Ballistics  Laboratory: 

S.  E.  HEDDEN,  Herd,  Research  Branch,  Cartridge 
Actuated  Devices  Division 

J.  J.  GLANCY,  Head,  Cartridge  Actuated 
Devices  Division 

W.  E.  McKENZIE,  Assistant  Director  for  Technical 
Applications,  Warhead  and  Terminal 
Ballistics  Laboratory 

R.  I.  R0SSBACHER,  Director,  Warhead  and  Terminal 
Ballistics  Laboratory 


APPROVED  FOR  RELEASE: 


/s/  R.  H.  LYDDANE 

Technical  Director 
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IMTHOIXJCTION 

Ballistic  calculations  of  cartridge  actuated  devices  require  the 
thermodynamic  and  physipal  properties  of  the  solid  propellant  and  pro¬ 
pellant  gases  involved.  The  results  of  the  calculations  are  usually 
quite  sensitive  to  changes  in  the  granulation  (size  and  shape), 
impetus  (force  constant),  and  burning  rate  of  the  solid  propellant. 
However,  the  results  are  insensitive  to  reasonable  changes  in  the 
specific  heats  of  the  propellant  gases  and  density  of  the  solid  pro¬ 
pellant.  Hence,  if  reasonable  estimates  of  the  device  parameters 
(such  as  heat  loss  and  friction)  are  made,  meaningful  ballistic  pre¬ 
dictions  can  usually  be  made  if  accurate  values  for  the  impetus  and 
burning  rate  of  the  solid  propellant  are  available.  At  extremely 
high  pressures  (above  10,000  psi)  the  propellant  gases  deviate  mark¬ 
edly  from  an  ideal  gas.  In  this  region  the  covolume  should  not  be 
neglected . 

This  report  describes  a  method  used  at  the  U.  S.  Naval  Weapons 
Laboratory,  Dahlgren,  Virginia  to  obtain  the  impetus,  burning  rate, 
and  covolume  of  solid  propellants.  The  theory  upon  which  the  method 
is  based  follows  closely  that  given  in  reference  (a). 

The  results  for  thirteen  solid  propellants  used  in  cartridge 
actuated  device  applications  at  the  U.  S.  Naval  Weapons  Laboratory, 
Dahlgren,  Virginia,  are  also  given. 


THEORY  AND  DISCUSSION 


I.  Measurements  of  Impetus  and  Covolume  - 

The  equation  of  state  of  propellant  gases  contained  in  a  closed 
vessel  may,  with  sufficient  accuracy,  be  written,  (reference  (b)), 

P'(r0  +£  +  cti)  =  c  $  T  ,  (i) 

where  E  is  the  partial  pressure  of  the  propellant  gases 

V0  is  the  initial  volume  available  to  the  propellant  gases  at 
ignition 

C  is  the  mass  of  the  propellant  gases 
p  is  the  density  of  the  solid  propellant 
t\  is  the  covolume  of  the  propellant  gases 
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R  is  the  gas  constant  per  mole 

T  is  the  gas  temperature 

M  is  the  average  molecular  weight  of  the  propellant'  gases 
Assumptions  regarding  this  system  are: 

(a)  the  quantities  P,  C  and  T  are  time  dependent  while  V0,  p,  tj, 

R  and  M  are  constants 

(*b )  the  final  products  of  reaction  of  the  solid  propellant  are 
gases . - 

(  c)  mixing  of  the  hot  propellant  gases  with  the  relatively  cool 
gases  present  at  ignition,  such  as  air  and  the  gases  produced  by  the 
igniter,  is  such  that  the  drop  in  partial  pressure  of  the  propellant 
gases  is  exactly  compensated  by  the  rise  in  partial  pressure  of  the  gases 
present  at  ignition.  Assumption  (a)  is  equivalent  to  assuming  that  t\ 
and  M  are  independent  of  both  temperature  and  pressure;  a  very  good 
assumption  as  discussed  in  Chapter  3  of  reference  (a).  Assumption  (b) 
is  actually  a  requirement  for  clean  burning  propellants  and  is  essen¬ 
tially  true  for  the  propellants  reported  here.  Assumption  (c)  is  true 
provided  the  specific  heats  and  molecular  weights  of  the  mixing  gases 
are  the  same.  This  is  only  approximately  correct  but  the  error  intro¬ 
duced  by  this  assumption  is  not  large  since  the  mass  of  the  original 
gases  is  only  1  or  2£  of  the  mass  of  propellant  gases  generated.  The 
covolume  tj  is  a  measure  of  the  volume  occupied  by  the  molecules  of  a 
unit  mass  of  gas .  If  Cb  is  the  mass  of  propellant  gas  produced  at 
burnout  (the  time  at  which  all  the  propellant  is  consumed),  then  by 
assumption  (b)  above,  Cb/ p  would  be  the  volume  occupied  by  the  solid 

propellant  prior  to  ignition.  If  the  mass  of  original  gases  present 
at  ignition  is  I,  then  the  initial  volume  available  to  the  propellant 
gases  at  ignition  is  given  by 


V  =  V  - 

Y  o  'c 


'b/p 


-  I  T^I 


(2) 


where  Vc  is  the  volume  of  the  empty  vessel  and  tji  is  the  covolume  of 
the  original  gases.  In  order  to  eliminate  the  temperature  T  in  equa^ 
tion  (l)  we  write  the  expression  of  the  energy  balance  of  the  propel¬ 
lant  gases  (a) 


C  C 

v 


=  Ev 


(3) 
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where  Cy  is  the  heat  capacity  at  constant  volume  of  the  propellant 
gases 

Tv  is  the  temperature  of  the  uncooled  reaction  products  of  the 
propellant,  also  known  as  the  adiabatic  constant  volume  flame  tempera¬ 
ture 

Eh  is  the  heat  energy  lost  by  the  propellant  gases 
Solution  of  equation  (3)  for  T  and  substitution  in  equation  (l)  yields 


[».  *  c(i .  ,j; . 


RTV 

"FT 


R 

I VcZ 


Ev 


(4) 


It  is  to  be  noted  that  the  slight  change  in  volume  and  the  associated 
strain  energy  due  to  elastic  expansion  of  the  closed  vessel  has  been 
neglected.  This  is  justified  because  its  effect  on  the  pressure  is  a 
fraction  of  a  percent  and  is  masked  by  the  uncertainty  in  Eh. 

The  impetus  (force  constant)  is  defined  as 

R  T 

F  =  "TT 

If  we  assume  that  the  maximum  partial  pressure  Pmax  is  reached  at 
burnout,1  equations  (4)  and  (5)  can  be  combined  to  yield 

*„ax  [Vo  +  Cb(i  -  „)]  =  Cb  F  -  JL.  •  (6) 


(5) 


Since  Pmax,  VQ,  Cb  and  P  can  be  measured  directly,2  equation  (6)  is 
sufficient  to  determine  the  impetus  F  and  covolume  t]  provided  Eh  can 
be  determined  or  made  negligible. 


xIf  heat  losses  are  large  Pmax  may  occur  slightly  before  burnout. 
2Pmax  is  not  measured  directly  but  is  obtained  by  measuring  the  total 
maximum  pressure  and  substracting  the  pressure  of  the  original  gases 
in  the  vessel  at  ignition.  The  validity  of  this  method  is  based  on 
assumption  (c)  above. 
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Since  no  direct  accurate  method  of  determing  Eh  exists,  an 
attempt  was  made  to  make  Eh  negligible  by  grinding  the  propellant  to 
granules  which  would  pass  a  number  30  mesh  sieve.  This  reduced  the 
burning  times  to  less  than  10  milliseconds  for  those  cases  in  which 
the  maximum  pressure  was  sufficiently  high,  usually  150  bars  or  more. 

An  attempt  was  then  made  to  account  for  the  residual  heat  loss  at  the 
time  maximum  pressure  was  reached  by  determining  the  maximum  pressure 
P^ax  that  would  have  been  obtained  if  Eb  had  truly  been  zero,  i.e.,  if 
in  reality  the  process  had  been  adiabatic.  The  assumption  was  made 
that  extrapolationyof  the  pressure- time  curve,  from  the  time  after 
maximum  pressure  was  reached,  into  the  region  of  time  just  prior  to 
this  would  produce  a  locus  of  points  corresponding  to  the  maximum 
pressures  of  rounds  requiring  less  time  to  consume,  but  having  the 
same  charge  weight.  If  the  assumption  were  completely  valid,  one  could 
obtain  P^ax  by  extrapolating  back  to  the  time  of  ignition  and  obtain 

the  maximum  pressure  of  fictitious  firing  having  zero  burning  time  and 
permitting  no  heat  loss  up  to  the  time  of  maximum  pressure.  Comparison 
of  the  maximum  pressures  of  several  firings  with  diffrent  burning  times 
demonstrated  the  assumption  yielded  a  gross  over  correction  for  heat 
loss.  It  was  found,  at  least  for  burning  times  of  less  than  20  milli¬ 
seconds,  that  extrapolation  back  to  a  time  corresponding  to  approximately 

Pmax/2  yielded  linear  results  in  accordance  with  equation  (8).  This  is 
demonstrated  by  the  linearity  of  the  data  shown  in  Figure  1. 

Uropping  the  Eh  term  and  replacing  Pmax  in  equation  (6)  with  P^ax* 
we  have 

Pmax  [v„  +  Cb(i  -  =  Cb  F  (7) 


or,  on  rearranging, 


Equation  (8)  can  be  fitted  by  least  squares  analysis  to  the  data  of 
several  firings  having  different  charge  weights  Cb  to  obtain  the 
impetus  F  slope  and  the  covolume  q  (intercept). 
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FIGURE  I:  TYPICAL  PLOT- DATA  for  DETERMINING  IMPETUS- HES  52  5  0.96 
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II.  Measurement  of  the  Burning  Rate  -  . 

According  to  Piobert's  law  (reference  (b)),  all  surfaces  of  a  pro¬ 
pellant  grain  are  assumed  to  recede  at  equal  rates  during  burning  or, 
in  other  words,  in  layers  parallel  to  the  initial  surfaces.  A  further 
assumption  is  that  shortly  after  ignition  the  entire  surface  of  the 
propellant  is  burning.  This  is  a  reasonable  assumption  based  on  wide 
experience  with  quenched  grains  and  in  fitting  interior  ball is tic  com¬ 
putations  to  emperical  results.  Let  i  refer  to  the  distance  the  sur¬ 
face  has  receded  at  any  time.  The  linear  burning  rate  is  then  defined 
as  dX/dt.  The  linear  burning  rate  has  been  found  to  be  a  function  of 
the  total  gas  pressure  and  is  usually  expressed  by 


where  B  is  a  constant  coefficient  and  n  is  a  constant  referred  to  as 
the  burning  rate  index. 

The  term  Ptotal  is  used  here  to  mean  the  total  gas  pressure  as  distin¬ 
guished  from  the  partial  pressure  P  produced  by  the  propellant  gases. 
If  Pj^  is  the  pressure  produced  by  the  original  gases  at  ignition,  then 


Ptotal  =  P  +  Pi 


(10) 


The  mass  of  propellant  burned  C  can  be  related  to  the  distance  l 
the  burning  surface  has  receded  by 

6  =  Cb  (a.J  +  a.2iz  +  a3i3)  (ll) 

for  most  common  propellant  geometries  such  as  spheres,  solid  cylinders, 
and  perforated  cylinders.3  Equation  (4)  may  be  rewritten  to  yield 


3The  Form  Function  Equation  (Equation  (11))  is  discussed  in  references  (a) 
and  (b) . 
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The  calculations  are  much  simpler  if  the  term  C/V0  (l/p  -  q)  is  neg¬ 
ligible  compared  to  1.  For  the  work  reported  here,  a  typical  maximum 
error  of  5$  is  introduced  by  neglecting  this  term.  Throughout  most 
of  the  burning  cycle  the  error  is  considerably  less  since  it  is  pro¬ 
portional  to  the  mass  of  propellant  gas  produced.  With  this  simplifi¬ 
cation,  equation  (12)  becomes 


At  burnout  P 
be  written 


(13) 


=  4  C  =  Cb,  and  Eh  =  Ehb  and  equation  (13)  can 


-  C  R 
"  *  V0  M 


Ehb 

C  Cv_  * 


(14) 


Upon  elimination  of  Tv  from  these  two  equations  we  have 


-c 

V0  M  L 


PmaT  M 

max  o 
Cb  R 


E 


hb 


Cb  C, 


i.1  . 

2  CTJ 


(15) 


It  is  known  that  both  Eh  and  C  start  at  zero  and  proceed  to  their 
respective  maximums  Ebb  and  Cb  during  the  burning  cycle.  At  least 
qualitatively,  Eh  can  be  considered  proportional  to  C.5  If  this 
were  true,  equation  (15)  would  reduce  to 

(16) 


For  this  work  it  was  assumed  that  equation  (lb)  was  valid. 

Equation  (ll)  can  be  differentiated  to  yield 

TK  =  (al  +  a  +■  3  a3-<2)  ^  •  (17) 

4If  heat  losses  are  large  Pmax  may  occur  before  burnout. 

5This  assumption  is  suggested  in  reference  (b).  This  along  with 
neglecting  the  term  (C/V0)  (l/p  -  q),  greatly  simplifies  the  calcula¬ 
tions  and  preliminary  collection  of  information  required  for  burning 
rate  determinations  in  accordance  with  reference  (c). 
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Differentiation  of  equation  (16)  gives 

dC  Cb  d,P  (18) 

dt  P max  dt 


Solution  of  equations  (17)  and  (18)  for  dX/dt  gives  the  burning  rate 
for  any  total  pressure  Ptotal. 


dX  Cb  dP 
«  Pmax  dt/  \X 


+  2  a~X  -f  3  aoj f 


(19) 


The  value  of  X  at  each  total  pressure  of  interest  can  be  obtained  by 
solving  equation  (l6)  for  C  ^recalling  that  P  =  ^total  “  ^*1  j  an^  then 

solvifig  equation  (ll)  for  the  corresponding  value  of  X.  Substituting 
these  values  in  equation  (19)  gives  the  burning  rate  dX/dt  for  the 
corresponding  total  pressure  Ptotal-  Equation  (9)  can  be  fitted  to 

the  burning  rate  data  by  least  squares  analysis  to  determine  the 
coefficient  B  and  the  index  n. 


EXPERIMENTAL 


I.  Apparatus  - 

A  cylindrical  closed  vessel  (see  Figure  2)  of  4130  steel  with 
inside  nominal  dimensions  of  2  inches  diameter  and  10  inches  length 
sealed  at  one  end  with  a’  screw-in  cap  and  "0"  ring  was  used  for  all 
firings  in  determining  the  impetus  and  burning  rates.  The  volume  of 
the  vessel  was  534  cubic  centimeters.  A  Holex  ignition  cartridge, 

P/N  2141,  was  used  as  an  ignition  source.  A  piezoelectric  crystal 
gauge  was- used  to  measure  the  fast  rising  pressure  pulses  obtained  in 
the  finely  ground  propellant  firings  and  an  "NWL  strain  gauge"  was 
used  to  measure  the  slower  rising  pressure  pulses  of  the  whole  grain 
propellant  firings.  The  piezo  gauge  was  not  used  for  the  slower 
rising  pressure  pulse  because  of  its  tendency  to  pick  up  small  spurious 
signals  rendering  the  output  trace  useless  for  accurately  determining 
the  slope  dP/dt  of  the  pressure-time  trace  required  in  equation  (19). 
The  output  of  the  pressure  gauge  was  recorded  on  a  recording  oscillo¬ 
graph. 
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II.  Procedure  - 

In  each  closed  bomb  firing  the  propellant  charge  was  loaded  in  a 
small  silk  bag  and  placed  directly  over  the  igniter  hole.  In  the  case 
of  the  whole  grain  propellant  firings,  an  additional  0.5  gram  charge 
of  finely  ground  propellant  of  the  same  composition  as  that  being 
tested,  was  included  in  the  silk  bag  to  augment  and  sustain  ignition. 

A  booster  charge  of  0.4  gram  of  finely  ground  propellant  of  the  same 
composition  as  that  being  tested,  was  rolled  into  a  paper  cylinder  and 
inserted  in  the  igniter  hole  to  form  an  ignition  train  between  the 
ignition  cartridge  and  the  bag  charge.  Following  this  the  ignition 
cartridge  and  end  plug  were  inserted  and  the  ignition  cartridge  fired. 

The  output  of  the  pressure  gauge  was  recorded  on  the  oscillograph. 

Paper  speeds  for  various  rounds  ranged  from  16  to  100  inches  per  second. 
Rounds  used  to  determine  the  impetus  were  all  temperature  conditioned  at 
+70°F  for  at  least  4  hours.  Rounds  used  to  determine  the  burning  rate 
were  temperature  conditioned  at  -65°F,  +70°F,  or  +160°F  for  at  least 
4  hours. 

Eight  rounds  .of  each  propellant  were  fired  to  determine  its  impetus  - 
two  at  a  nominal  maximum  pressure  of  2500  psi;  two  at  5000  psi;  two  at 
7500  psi;  and  two  at  10,000  psi.  For  each  firing,  the  propellant ^as 
ground  to  pass  U.  S.  sieve  #30  or  finer.  As  shown  in  Figure  3,  Pmax  was 

determined  by  extrapolating  the  pressure- time  trace  back  to  a  time 
corresponding  to  approximately  Pmax/2.  Equation  (8)  was  fitted  to  the 

data  by  least  squares  analysis  to  obtain  the  impetus  and  the  covolume. 

The  calculations  were  carried  out  on  an  IBM  7090  high  speed  digital  com¬ 
puter  . 

Four  rounds  of  each  propellant  were  fired  at  each  conditioning 
temperature  to  determine  its  burning  rate  at  that  temperature  -  two  at  a 
nominal  maximum  pressure  of  5000  psi  and  two  at  10,000  psi.  The  grain 
dimensions  of  each  propellant  were  determined  by  measuring  at  least 
10  grains  with  a  micrometer  and  obtaining  an  average  length  and  diameter 
for  use  in  the  calculations.  In  those  cases  in  which  the  perforation 
diameter  of  the  propellant  grain  was  so  small  as  to  make  measurement 
difficult,  the  manufacturers  data  for  the  nominal  perforation  diameter 
was  used.  For  each  firing,  the  propellant  was  loaded  and  fired  in  the 
"as  received"  condition.  As  shown  in  Figure  4,  the  pressure- time  trace 
was  divided  into  equal  time  intervals  starting  at  an  arbitrary  zero  time. 
The  burning  rate  versus  pressure  was  determined  for  each  firing  using 
equations  (9),  (ll),  (17)  and  (20).  The  calculations  were  carried  out  on 
an  IBM  7090  high  speed  digital  computer.  The  slope  dP/dt  was  determined 
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using  the  difference  technique,  whereby)  iS]  was  approximated 

t  i  \ dt/ J  +  Vs 

by  j(Pj+1  -  Pj)/At.  The  burning  rate  corresponding  to  this  slope  was 

then  associated  with  the  intermediate  total  pressure  given  by 
^PJ+1  +  Pjj/2.  The  partial  pressures  P  and  Pmax  produced  by  the  pro¬ 
pellant  burned  were  determined  by  subtracting  the  partial,  pressures 
Pj^  of  the  igniter  charge  and  the  air  in  the  chamber.  The  partial 

pressure  PA  was  calculated  using  the  known  igniter  charge  weight  and 
the  impetus  of  the  igniter  material;  in  these  cases  the  impetus  of  the 
propellant  being  tested. 

Ill •  Results  - 

The  burning  rate  versus  pressure  was  determined  at  each  of 
three  conditioning  temperatures  (-65°F,  70°  F  and  160°F)  for  12  solid 
propellant  samples.  The  impetus  and  co volume  were  determined  at  one 
conditioning  temperature  (70°F)  for  13  propellant  samples.  Five  of 
the  samples  (  HES  5250.87,  HES  5250.200,  HES  5250.201,  HES  5250.202, 

HES  5250.203)  were  identical  in  composition,  notwithstanding  manu¬ 
facturing  tolerances,  differing  only  in  granulation  (size  and  shape) 

of  the  solid  propellant.6  The  propellant  sample  identified  as  "Unique" 
was  received  in  a  flake  form  of  thin  discs.  The  total  burning  time 
for  this  sample  was  less  than  10  milliseconds  when  fired  in  the 
"as  received"  condition.  Therefore,  the  "Unique"  was  not  ground  as 
were  all  other  samples  in  the  impetus  firings .  Due  to  the  short  burn¬ 
ing  time  and  corresponding  steep  pressure  slope  dP/dt,  no  attempt  was 
made  to  determine  the  burning  rate  of  "Unique". 

Figure  3  is  a  typical  example  of  a  pressure- time  oscillograph 
record  used  to  determine  impetus.  Also  depicted  is  the  extrapolation 
of  the  pressure-time  trace  to  obtain  P^ax*  While  PjJJax  is  hhe  estimated 
adiabatic  partial  pressure  of  the  propellant  gases,  it  can  be  obtained 
directly  from  the  record  as  shown.  Since  the  zero  of  the  pressure 
gauge  is  at  one  atmosphere,  it  does  not  sense  the  partial  pressure  of 
the  air  in  the  vessel  at  ignition.  Hence,  it  is  necessary  to  consider 
only  the  partial  pressure  produced  by  the  ignition  cartridge,  but  this 
is  negligible  compared  to  the  total  pressure,  being  less  than  0.5$  of 
the  total  pressure  in  each  firing.  For  purposes  of  the  impetus  calcu¬ 
lations,  the  mass  of  the  booster  charge  is  added  to  the  mass  of  the 


6Nominal  chemical  composition  of  the  13  propellant  samples  reported 
here  are  listed  in  Appendix  B. 
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propellant  to  obtain  the  total  propellant  mass  Cb.  Hence,  no  correc¬ 
tion  is  required  for  the  pressure  produced  by  the  booster  charge. 

Figure  1  is  a  typical  example  of  a  plot  of  (V0/Cb  +  l/p)  versus  l/P^ax* 
Superimposed  on  the  data  points  is  the  straight  line  obtained  from  the 
least  squares  analysis. 

Figure  4  is  a  typical  example  of  a  pressure- time  oscillograph 
record  used  to  determine  burning  rate.  Also  depicted  are  the  inter¬ 
vals  at  which  the  pressures  were  read  and  the  pressure  produced  by 
the  original  gases  at  ignition.  Figure  5  is  a  typical  example  of  a 
plot  of  burning  rate  versus  pressure  for  a  conditioning  temperature  of 
70°F.  Superimposed  on  the  data  points  is  the  straight  line  obtained 
from  the  least  squares  analysis .  The  end  points  of  the  solid  line 
indicate  the  range  of  pressure  over  which  the  least  squares  analysis 
was  made.  The  dotted  line  was  fitted  visually  to  the  scattered  points 
at  low  pressure.  The  significantly  lower  calculated  values  for  burning 
rate  and  the  scatter  in  the  data  at  low  pressures  is  attributed  to  incom¬ 
plete  ignition  and  the  nonreproducibility  of  the  ignition  process .  The 
rates  indicated  by  the  dotted  line  are  not  considered  to  be  definitive, 
but  may  be  useful  in  ballistic  calculations  where  a  method  of  approximat¬ 
ing  imperfect  ignition  is  required.  Data  points  indicated  by  an 
asterisk  (*)  were  not  included  in  the  least  squares  analysis.  These 
points  correspond  to  the  region  of  ignition  and  the  region  of  burnout. 

It  was  assumed  that  some  grains  of  the  charge  were  ignited  earlier  in 
time  than  others  and  that  some  grains  burned  out  earlier.  If  this  was 
the  case,  equation  (ll),  which  relates  the  mass  of  propellant  burned  C 
to  the  distance  i  the  burning  surface  has  receded,  would  no  longer  be 
valid  and  calculated  values  for  the  burning  rate  could  be  expected  to 
differ  widely  from  the  general  trend  of  the  burning  rate  curve  as  was 
the  case  in  these  experiments.  Also  in  the  case  of  multiperforated 
granulations,  equation  (ll)  is  no  longer  valid  after  splintering.7 
Hence,  burning  rate  data  occurring  in  the  region  after  splintering  were 
deleted  from  the  results  given  below  where  applicable. 

.  Figures  6  through  16  (see  Appendix  A)  show  the  burning  rates 
versus  pressure  at  three  conditioning  temperatures  (-65°F,  70°F  and 
160°F)  for  12  propellant  samples.  The  solid  and  dotted  lines  have 
the  same  significance  as  in  Figure  5  except  that  the  solid  lines  in 
Figures  6,  7,  16  and  17  were  fitted  visually  to  the  data  rather  than 

7Splintering  is  the  time  at  which  the  walls  of  the  perforations  burn 
through  leaving  disjointed  cylinders  whose  cross-sections  are  curvi¬ 
linear  triangles. 
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being  obtained  from  least  squares  analyses.  The  data  for  these  pro¬ 
pellant  samples  (Arcite  433A,  HES  5250.86,  HES  6574.6  and  IND  7191) 
was  significantly  nonlinear  when  plotted  on  logarithmic  graph  paper 
and  could  be  more  adequately  represented  by  the  curved  lines  shown. 

No  attempt  was  made  to  obtain  equations  for  these  curves.  The  burning 
rate  coefficients  B  and  indeces  n,  obtained  from  the  least  squares 
analyses,  are  listed  in  Table  1  (see  .Appendix  A). 

Table  2  (see  Appendix  A)  lists  the  values  of  impetus  and  covolume 
obtained  by  least  squares  analysis  for  each  of  the  propellant  samples 
conditioned  at  70°  F.  Also  included  are  the  density  p  and  the  nominal 
dimensions  of  the  solid  grain. 


CONCLUDING  REMARKS 


The  uniformity  of  the  results  which  are '  obtainable  by  the  methods 
described  are  indicated  by  the  data  presented  for  the  several  propel¬ 
lants.  While  the  data  for  determining  impetus  are  quite  uniform,  con¬ 
siderable  scatter  exists  in  the  burning  rate  data.  This  closed  vessel 
method  of  determining  burning  rate  is  relatively  simple,  but  renders 
doubtful  results  in  the  region  of  ignition  (usually  below  30  bars),  and 
results  obtained  in  the  latter  stages  of  burning  must  be  discarded  for 
reasons  noted  above .  The  covolumes  reported  here  may  be  less  accurate 
than  might  have  been  obtained  if  the  method  were  extended  to  higher 
pressures.  However,  there  is  no  reason  why  the  impetus,  covolume,  and 
burning  rate  could  not  be  determined  at  higher  pressures.  For  the  work 
reported  here,  .the  limiting  factor  was  the  strength  of  the  closed  vessel 
(maximum  working  pressure:  10,000  psi) .  It  is  believed  that  propellant 
parameters  can  be  determined  with  sufficient  precision  by  the  techniques 
described  to  have  a  high  degree  of  predictive  value  when  used  in  ballis¬ 
tic  calculations  involving  cartridge  actuated  devices. 
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COMPOSITION  OF  PROPELLANT  SAMPLES 


Weight 

Composition 

-UL- 

ARCITE  433A: 

Ammonium  perchlorate 

38.55 

Potassium  perchlorate* 

38.55 

Polyvinyl  chloride 

9.97 

Dioctyl  adipate 

10.20 

Copper  chromite 

0.97 

British  wetting  agent 

0.25 

Carbon  black 

0.05 

Aluminum 

0.99 

Ferro  1203 

0.47 

100.00 

HES  5250.86: 

Nitrocellulose  (13.25N) 

69.35 

Nitroglycerine 

20.00 

Centralite 

6.50 

Barium  Nitrate 

1.00 

Potassium  Nitrate 

1.00 

Graphite 

0.20 

100.00 

HES  5250.87.  .200,  .201,  .202,  .203 

Nitrocellulose  (13.25N) 

71.30 

Nitroglycerine 

20.00 

Centralite 

6.50 

Barium  Nitrate 

1.00 

Potassium  Nitrate 

1.00 

Graphite 

0.20 

100.00 

HES  5250.94 

Nitrocellulose  (13.25N) 

58.50 

Nitroglycerine 

22.50 

Ethyl  Centralite 

8.00 

Triacetin 

8.00 

Dinitrotoluene 

2.50 

Lead  Stearate 

0.50 

100.00 
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COMPOSITION  OF  PROPELLANT  SAMPLES  (Continued) 


Weight 


Composition  (<#) 
HES  5250.95 

Nitrocellulose  (13.25N)  78.00 
Nitroglycerine  20.00 
Potassium  Sulphate  1.00 
Graphite  0 .25 
Diphenylamine  0.75 


100.00 

HES  5250.96 

Nitrocellulose  (13.25N)  76.85 

Nitroglycerine  20.00 

Ethyl  Centralite  0 . 65 

Potassium  Nitrate  0.80 

Barium  Nitrate  1 . 50 

Graphite  0.20 


100.00 

HES  6574.6 

This  is  an  REX  base  propellant.  The 
exact  composition  is  not  available 
for  publication. 


IND  7199: 

Nitrocellulose  (13.16N)  86.67 
Diphenylamine  0 . 86 
Dinitrotoluene  9.59 
Dibutylphthalate  2.88 


100.00 

Unique : 

Nitrocellulose  59.70 

Nitroglycerine  39 . 00 

Centralite  1 . 30 


100.00 
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